Abstract: 1,25-dihydroxyvitamin D 3 [1, 25(OH) 2 D 3 ], the bioactive form of vitamin D, has been shown to possess significant anti-tumor potential. While most studies so far have focused on the ability of this molecule to influence the proliferation and apoptosis of cancer cells, more recent data indicate that 1,25(OH) 2 D 3 also impacts energy utilization in tumor cells. In this article, we summarize and review the evidence that demonstrates the targeting of metabolic aberrations in cancers by 1,25(OH) 2 D 3 , and highlight potential mechanisms through which these effects may be executed. We shed light on the ability of this molecule to regulate metabolism-related tumor suppressors and oncogenes, energyand nutrient-sensing pathways, as well as cell death and survival mechanisms such as autophagy.
Tumor Metabolism: The Newest Hallmark of Cancer
Normal cells efficiently break down glucose through multi-step processes, namely glycolysis, the tricarboxylic acid (TCA) cycle, and oxidative phosphorylation, to yield reducing equivalents and ATP [1] . These processes are influenced by a number of factors including the environment's oxygenation. Under aerobic conditions, glucose metabolism takes place in both the cytoplasm and mitochondria to maximize ATP production. However, under anaerobic conditions, metabolism is shifted from mitochondrial respiration to glycolysis-an observation known as the "Pasteur effect"-which ends with the conversion of pyruvate to lactate to restore NAD+ levels [2] . Cancer cells on the other hand, exhibit enhanced glucose fermentation independent of the environment's oxygenation [1] . This phenomenon was originally identified by Otto Warburg early in the twentieth century and was subsequently termed the "Warburg effect" or "aerobic glycolysis" [1] . Over the decades since the original discovery, several explanations for this perplexing phenomenon have been proposed; however, recent studies have shown that the metabolic alterations observed in cancers are the result of complex and possibly coordinated actions of mutated/amplified proto-oncogenes and tumor suppressors [3] . Moreover, the expression/activity of several "metabolic genes" have been shown to be altered in tumors, for example glucose transporter 1 (GLUT1) [4] , pyruvate kinase M2 (PKM2) [5] , as well as lactate dehydrogenase A (LDHA) [6] , making them potential druggable targets.
The resurrection of this cancer hallmark has prompted investigations into diverse metabolism-related therapeutic options [7] . Several novel drugs have been developed to enhance the wild-type activity of relevant tumor suppressors, e.g., using nutlin-3a to amplify p53-signaling [8] , or alternatively inhibit oncogenic signaling, e.g., using Myc transactivation inhibitors [9] . Furthermore, various molecules that influence glucose metabolism are currently being investigated as potential anti-cancer drugs, such as the glycolytic inhibitor 2-deoxyglucose and the mitochondrial complex I inhibitor metformin [7] .
Besides aberrations in glucose metabolizing pathways, accumulating evidence has illustrated that cancer cells have an increased demand for different amino acids, most notably glutamine, known as the phenomenon of "glutamine addiction" [10] . These amino acids are required, for example, in TCA cycle anaplerosis, the conversion of glutamine to glutamic acid and then α-ketoglutarate by the enzymes glutaminase and glutamic acid dehydrogenase [10] , respectively, as well as for the maintenance of the redox balance and anabolic processes, e.g., serine, through contribution to the folate cycle [11] . Furthermore, alterations in both fatty acid biosynthesis and beta-oxidation have been observed in cancers, and several drugs targeting key enzymes in both processes have demonstrated promising anti-cancer effects, for instance orlistat [12] , the fatty acid synthase inhibitor, as well as perhexiline, the carnitine palmitoyltransferase I inhibitor [13] .
In addition to the aforementioned drugs, accumulating evidence has pointed towards the ability of the hormonally active form of vitamin D, 1,25-dihydroxyvitamin D 3 [1, 25(OH) 2 D 3 ] (also known as calcitriol), to influence energy utilization in cancer cells [14] [15] [16] [17] .
Anti-Cancer Effects of Vitamin D: Possible Regulation of Metabolic Networks
Vitamin D is a seco-steroid that is now known to possess activities beyond the maintenance of good skeletal health, such as the regulation of proliferation, metabolism, and immunomodulation [18] . With regards to cancer, large clinical trials are underway to assess the molecule's therapeutic utility, whereas in vitro and in vivo studies have largely demonstrated profound anti-tumor potential associated with the active form [19, 20] . Additionally, 1,25(OH) 2 D 3 and its analogues have been shown to be promising candidates for combination chemotherapy [21] , due to their ability to augment the effects of conventional anti-cancer drugs including various anti-metabolites and platinum-based drugs.
Among the well-characterized anti-tumor actions 1,25(OH) 2 D 3 exerts is its ability to regulate the expression of an array of molecules that work to impede proliferation, such as p21 and p27, or induce/facilitate apoptosis, such as induction of the pro-apoptotic molecule BAX, and reduction of the anti-apoptotic molecule Bcl-2 [19] . Calcitriol has also been shown to decrease the expression of the oncogenes hypoxia-inducible factor 1a (HIF1a) and c-Myc [19] . Moreover, studies have demonstrated extensive crosstalk between the vitamin D receptor (VDR) and the tumor suppressor p53 [22] . These effects, in addition to other activities described extensively elsewhere [19, 20] , have been reported in various experimental models, and currently serve as the main body of evidence of the anti-cancer potential of 1,25(OH) 2 
Interestingly, a number of direct and indirect cellular targets/interactors of calcitriol have been implicated in tumor metabolism, besides their primary roles in regulating survival, such as c-Myc [23] , HIF1a [24] , and p53 [25] . In the following sub-sections, we summarize the effects of 1,25(OH) 2 D 3 on metabolism-related oncogenes and tumor suppressors, and postulate on the potential metabolic outcome of this regulation. We also highlight the results of recent studies demonstrating the ability of VDR activators to influence metabolic signaling molecules, namely AMP-activated protein kinase (AMPK) [26] , mammalian target of rapamycin (mTOR) [27] , and thioredoxin-interacting protein (TXNIP) [17] . The former is estimated to be amplified in 70% of all human tumors, whereas levels of the latter are known to increase under hypoxic conditions, which occur when tumor cell proliferation surpasses the oxygenation capacity of its environment's vascularization [28] . It is now known that the two moieties rewire tumor metabolism, acting on both similar and distinct targets, to tailor nutrient utilization for optimal survival [28] . For example, GLUT1 and LDHA have been shown to be induced by both transcription factors, whereas pyruvate dehydrogenase kinase (PDK) isozyme 1 and FASN (Fatty acid synthase) are regulated by HIF1a and c-Myc, respectively [28] .
Reduction of the expression of both factors by 1,25(OH) 2 D 3 in cancer cells has been reported by numerous studies [29] [30] [31] , and the genes encoding these oncogenes have been shown to harbor putative vitamin D response elements (VDRE) [32, 33] . Given the important roles these molecules play in regulating tumor metabolism [28] , it is not surprising that in cells where they were found to be negatively regulated by 1,25(OH) 2 D 3 , metabolic reprogramming was also observed. For example, in the prostate cancer cell line LNCaP, 1,25(OH) 2 D 3 treatment has been shown to reduce c-Myc expression and HIF1 transcriptional activity [29, 30] . We have recently shown that in the same cell line, 1,25(OH) 2 D 3 induces profound changes in glucose-metabolizing pathways, including a clear reduction in mRNA and protein expression of both GLUT1 and PDK isozyme 1, as well as LDHA mRNA levels and overall lactate production [17] . While we did not investigate the role of c-Myc and HIF1a in mediating these effects, it is possible that the observed metabolic phenotype is partly achieved through the effect of 1,25(OH) 2 D 3 on them.
1,25(OH) 2 D 3 and p53: Commonalities and Diversities in Metabolic Regulation
Mutations in the TP53 gene are frequently occurring in malignancies, and are implicated in the pathogenesis of different tumor types [34] . These mutations essentially impact the ability of p53 to execute its canonical response to genotoxic stress. In cells harboring "mutant p53", a comprehensive survival program is triggered that confers resistance to chemotherapeutics and enhances cancer cells' invasion, migration, and proliferation [34] . Recent work has demonstrated that besides controlling the cell cycle and apoptotic signaling, p53 acts as a powerful regulator of tumor metabolism [25] . As previously mentioned, profound crosstalk between p53 and the VDR has been reported in a number of contexts, where studies have shown that the VDR gene is a direct target of p53 and its family members [22] . Moreover, the presence of mutant p53 has been shown to influence the anti-cancer effects of 1,25(OH) 2 D 3 , converting it from a tumor suppressing agent into a pro-survival one [35] . Since p53's newly recognized metabolic roles are highly versatile and impact major nutrient-metabolizing pathways [25] , we focus here on metabolic targets of p53 that are also regulated by 1,25(OH) 2 D 3 in either similar or opposing fashions.
The main effect of p53 on glucose metabolism is to hamper aerobic glycolysis and induce mitochondrial respiration [25] . Through reducing the expression of GLUT1 and 4, as well as that of monocarboxylase transporter 1 (lactate's efflux transporter), p53 dampens overall glycolytic flux [25] . Additionally, p53 induces mitochondrial respiration through distinct mechanisms, including the reduction of PDK isozyme 2 expression-the enzyme responsible for phosphorylating and subsequently inhibiting the activity of the pyruvate dehydrogenase complex-thereby enhancing the conversion of pyruvate to acetyl-CoA and further entry into the TCA cycle [25] . Furthermore, with regards to TCA cycle regulation, Tsui et al. [36] illustrated that the induction of p53 levels in prostate cancer cells through camptothecin treatment or by an expression vector markedly reduced mitochondrial aconitase expression. Moreover, p53 has been shown to enhance glutamine-driven TCA cycle anaplerosis by inducing glutaminase 2 expression [25] .
Regarding the effects of 1,25(OH) 2 D 3 on glucose metabolism, studies have illustrated that the molecule influences glycolysis on different levels, including glucose uptake and lactate production [14, 17] . For example, similar to p53, calcitriol has been shown to reduce GLUT1 expression in different prostate cancer cells [17, 29] . On the other hand, recent reports have demonstrated the differential regulation of expression of PDK isozymes by 1,25(OH) 2 D 3 in different cell types. For instance, PDK1 expression was found to be reduced by 1,25(OH) 2 D 3 treatment in prostate cancer cells [17] , but unaffected in H-ras transformed breast epithelial cells [14] . Furthermore, in human dendritic and skeletal muscle cells, 1,25(OH) 2 D 3 treatment was shown to induce and reduce the mRNA expression of other PDK isozymes, PDK3 and PDK4, respectively [37, 38] . Interestingly, Contractor and Harris demonstrated that the expression of PDK2, but not PDK1, is p53-dependent [39] . It is therefore possible that 1,25(OH) 2 D 3 treatment and p53 induction may lead to a similar metabolic phenotype, independent of one another, e.g., an overall net effect of increased pyruvate to acetyl-coA conversion through the downregulation of different PDK isozymes. However, in scenarios where possible mediators of calcitriol's metabolic effects (e.g., HIF1a) are also influenced by p53, certain metabolic targets may be similarly regulated.
A clear diverging point in metabolic regulation by 1,25(OH) 2 D 3 and p53 is glucose-6-phosphate dehydrogenase (G6PD). This enzyme catalyzes the first committed step in the pentose phosphate pathway (PPP), and is the main source of cellular NADPH, which is required for anti-oxidant defense mechanisms [40] . Additionally, G6PD levels have been implicated in different pathologies, for example deficiency in hemolysis and overexpression in cancers [40] .
Vitamin D is a known positive regulator of G6PD expression and activity [40] [41] [42] [43] . In non-malignant prostate epithelial cells, the G6PD gene has been shown to harbor VDRE, and to be strongly induced by 1,25(OH) 2 D 3 treatment, preventing oxidative damage-mediated cellular death [43] . It is noteworthy that, in the same study, the authors did not observe an induction in G6PD expression with treatment in malignant prostate cells [43] . On the other hand, Simmons et al. [42] illustrated that 1,25(OH) 2 D 3 induces G6PD mRNA expression in both cancerous and non-cancerous mammary cells, which altogether highlights the ability of calcitriol to induce the expression of this enzyme in different tissues, which-in certain tissues-was found in both healthy and malignant cells.
While G6PD induction by 1,25(OH) 2 D 3 is beneficial in pre-malignancy, and thus in chemoprevention, as demonstrated by Bao et al. [43] , the induction of G6PD expression/activity by 1,25(OH) 2 D 3 in cancer cells could possibly be pro-survival, since (i) G6PD is a putative oncogene that is overexpressed in many cancers [40] , and (ii) due to the possible subsequent increase in the rate of the PPP, which could provide rapidly proliferating cells with precursors for anabolic processes [44] . However, it is possible that this induction either also contributes to the molecule's anti-cancer effects, for example through increased cellular anti-oxidant defense, or is simply not detrimental to the otherwise overall tumor suppressing action of the molecule. In support of the latter are the potent and diverse anti-tumor effects of calcitriol shown to be induced in the breast cancer cell line MCF-7 [45, 46] , which also exhibited elevated G6PD expression in response to the treatment [42] .
Regulation of the PPP by p53 appears to be contradictory, with both inducing and inhibiting roles described [25] . The degree of stress/p53 activation has been proposed to be a determinant of the nature of PPP regulation by p53 [25] . In contrast to the effect of 1,25(OH) 2 D 3 , p53 has been shown to bind to and inhibit G6PD [25] . On the other hand, the p53 target gene TIGAR (TP53-induced glycolysis and apoptosis regulator), acts as a bisphosphatase, reducing the levels of fructose-2,6-bisphosphate, which acts as a positive regulator of the rate-limiting glycolytic enzyme phosphofructokinase 1 (PFK1) [25] . In doing so, TIGAR reduces the glycolytic rate and increases the availability of intermediates upstream of PFK1 for shunting into the PPP [25] . Therefore, under certain conditions, p53 and 1,25(OH) 2 D 3 may act to induce a similar metabolic phenotype-PPP induction-through different mechanisms. However, in instances where p53 signaling is highly activated, G6PD could be differentially regulated by p53 and 1,25(OH) 2 D 3 . It will therefore be interesting to investigate the possible outcome, in terms of G6PD regulation and anti-tumor effects, when combining 1,25(OH) 2 D 3 with either a p53 activator such as nutlin-3a, or a G6PD inhibitor, e.g., dehydroepiandrosterone.
Regulation of the AMPK-mTOR-TXNIP Signaling Triad by 1,25(OH) 2 D 3
In addition to the effect of 1,25(OH) 2 D 3 on the aforementioned metabolism-related transcription factors, the molecule has been shown to regulate the activity of other signaling pathways implicated in nutrient utilization, such as the converging AMPK, mTOR, and TXNIP metabolic signaling triad.
AMPK is a heterotrimeric complex that consists of an α catalytic sub-unit, as well as β and γ regulatory sub-units [47] . It is a pivotal intracellular energy sensor that responds to energetic stress, i.e., an increase in AMP:ATP ratio, by inhibiting energy-consuming processes, such as fatty acid and cholesterol synthesis, and inducing energy-generating processes, including glucose uptake and fatty acid oxidation [47] . Under metabolic stress, AMP/ADP molecules bind to regulatory sub-units of the complex, facilitating the phosphorylation of threonine-172 of the α sub-unit by the upstream kinase liver kinase B1 (LKB1), which subsequently activates the enzyme [47] . Additionally, an increase in intracellular Ca 2+ levels activates AMPK signaling, through inducing another upstream kinase-calcium-calmodulin dependent kinase kinase 2 (CAMKK2) [47] . Interestingly, a controversial role for AMPK signaling has been observed in cancers, with both tumor-suppressing and -promoting effects reported in the literature [48] . With regards to tumor survival, AMPK has been shown to be activated in prostate cancer human samples, and that inhibiting this pathway by small interfering RNA or by the small molecule compound C (an AMPK inhibitor) inhibits cellular proliferation [49] . Additionally, AMPK activation is known to induce autophagy [47] , the role of which is also controversial in tumors [50] . Advocating AMPK's role in tumor suppression is its activation by the well-characterized tumor suppressor LKB1 [48] , the clear anti-cancer potential of AMPK activators (e.g., metformin) [47] , and the ability of AMPK to inhibit pro-survival downstream targets, namely mTOR [51] . mTOR signaling regulates a variety of critical cellular processes including growth, proliferation, and metabolism [51] . In cancers, among other pathologies, this pathway appears to be deregulated, with drugs inhibiting it-for example rapalogues (rapamycin analogues)-being investigated as therapies against different tumor types [51] . In contrast to AMPK's cellular effects, mTOR activation leads to an increase in anabolic processes such as protein and lipid synthesis, and inhibits catabolic processes, such as autophagy [51] .
The third member of this metabolic triad, TXNIP, has been recently shown to be a component of AMPK signaling [52] . TXNIP was originally identified in HL-60 cells by Chen and DeLuca as the vitamin D 3 -upregulated protein 1 (VDUP1) [53] . Subsequent studies have shown that TXNIP binds to and negatively regulates thioredoxin function [54] , hence its name. Additionally, the molecule has been shown to act as an intracellular glucose sensor, responding to increases in glycolytic intermediates by limiting glucose uptake [55] . A recent study demonstrated that AMPK activation leads to an induction in glucose uptake by inducing TXNIP degradation [52] . Furthermore, different studies have shown that the inhibition of mTOR induces TXNIP expression [56] , and that TXNIP contributes to mTOR signaling inhibition [57] .
An increasing number of studies point towards the ability of 1,25(OH) 2 D 3 and its analogues to regulate components of the AMPK-mTOR-TXNIP signaling triad (Figure 1) [17, 26, 27] . However, a clear connection to metabolic rewiring in tumor cells is yet to be fully characterized. Additionally, the distinct nature of regulation of individual components of this pathway by calcitriol may lead to intricate, seemingly non-canonical, and potentially counter-therapeutic outcomes. For instance, the 1,25(OH) 2 D 3 -mediated activation of AMPK through non-genomic or indirect effects, e.g., through increasing intracellular Ca 2+ levels or the AMP:ATP ratio, may lead to the phosphorylation and subsequent degradation of TXNIP. This mechanism has been proposed in prostate cancer cells [17] , and appears to be a therapeutic paradox since TXNIP is currently viewed as a promising tumor suppressor, due to its ability to induce apoptosis in cancer cells [58] . Furthermore, the negative regulation of glucose transporters by 1,25(OH) 2 D 3 , as shown in the case of GLUT1 in cancer cells [17, 29] , may reduce glucose uptake and intracellular levels of glycolytic intermediates capable of inducing TXNIP expression. On the other hand, the inhibition of mTOR signaling by 1,25(OH) 2 D 3 , e.g., as demonstrated by Lisse et al. [27] through inducing the expression of the negative regulator of mTOR, DDIT4 (DNA damage inducible transcript 4), also known as REDD1 (regulated in development and DNA damage response 1), may lead to an induction in TXNIP levels, which may reciprocally participate in mTOR signaling inhibition, as shown by Jin et al. [57] . Moreover, it is important to note that, despite its name, the TXNIP/VDUP1 gene has not been shown to be directly regulated by the VDR, and that VDRE have not been identified in the promoter of the mouse VDUP1 gene [59] . Furthermore, a clear induction in TXNIP/VDUP1 expression levels by 1,25(OH) 2 D 3 has been largely limited to HL-60 cells [60] . Therefore, it is possible that the 1,25(OH) 2 D 3 regulation of TXNIP, and subsequently glucose uptake, is subject to regulation of upstream pathways by treatment, and that the "canonical" induction in TXNIP expression by 1,25(OH) 2 figure) , as a result of mTOR signaling inhibition. mTOR inhibition secondary to AMPK activation is achieved by two mechanisms: (i) through phosphorylating TSC2 (tuberous sclerosis complex 2), which inhibits the activity of the mTOR stimulator Rheb (Ras homologue enriched in brain), and (ii) through phosphorylating Raptor (regulatory-associated protein of mTOR), thereby inhibiting mTOR complex 1 (mTORC1) activity. Additionally, calcitriol may also inhibit mTOR signaling through inducing the expression of DDIT4, which enables the assembly/activation of TSC1/2. This may lead to an increase in TXNIP levels, which in turn could inhibit mTOR signaling through stabilizing DDIT4. It is, however, unclear whether 1,25(OH)2D3 directly regulates TXNIP expression or not (hence this action is depicted using a dashed line). Furthermore, the induction of glucose uptake by AMPK activation conflicts with the demonstrated ability of 1,25(OH)2D3 to reduce the expression of GLUT1 in cancer cells. Moreover, the induction of autophagy by VDR activators has been shown to involve AMPK signaling, as well as the direct regulation of autophagy genes. We propose that calcitriol treatment regulates energy utilization of cancer cells through multiple mechanisms, including the regulation of the AMPK-mTOR-TXNIP triad. Arrows indicate induction and blunted arrows (T bar) indicate inhibition.
Vitamin D and Autophagy in Cancer: Friend or Foe?
Autophagy is a highly-conserved pathway used by cells to eliminate waste products and dysfunctional organelles [50, 61] . It is a survival-promoting pathway that enables cells to overcome stressors such as nutrient deprivation, by degrading carbohydrates, proteins, and lipids to precursors that could be incorporated into energy-producing pathways [61] . With regards to cancer, autophagy has been shown to play roles in both oncogenesis and tumor suppression [50] . For example, autophagy deficiency has been connected to oxidative stress and genomic instability, known drivers of tumorigenesis [50] . On the other hand, the versatile metabolic precursors that autophagy activation produces can confer metabolic plasticity to cancer cells, which enables them to cope with stress , through increasing the AMP:ATP ratio or intracellular Ca 2+ levels, may lead to differential TXNIP regulation. On one hand, AMPK directly phosphorylates TXNIP and marks it for degradation. On the other hand, AMPK activation may lead to an increase in TXNIP levels, through increasing the availability of the TXNIP-regulating transcriptional machinery, namely MondoA (not depicted in figure) , as a result of mTOR signaling inhibition. mTOR inhibition secondary to AMPK activation is achieved by two mechanisms: (i) through phosphorylating TSC2 (tuberous sclerosis complex 2), which inhibits the activity of the mTOR stimulator Rheb (Ras homologue enriched in brain), and (ii) through phosphorylating Raptor (regulatory-associated protein of mTOR), thereby inhibiting mTOR complex 1 (mTORC1) activity. Additionally, calcitriol may also inhibit mTOR signaling through inducing the expression of DDIT4, which enables the assembly/activation of TSC1/2. This may lead to an increase in TXNIP levels, which in turn could inhibit mTOR signaling through stabilizing DDIT4. It is, however, unclear whether 1,25(OH) 2 D 3 directly regulates TXNIP expression or not (hence this action is depicted using a dashed line). Furthermore, the induction of glucose uptake by AMPK activation conflicts with the demonstrated ability of 1,25(OH) 2 D 3 to reduce the expression of GLUT1 in cancer cells. Moreover, the induction of autophagy by VDR activators has been shown to involve AMPK signaling, as well as the direct regulation of autophagy genes. We propose that calcitriol treatment regulates energy utilization of cancer cells through multiple mechanisms, including the regulation of the AMPK-mTOR-TXNIP triad. Arrows indicate induction and blunted arrows (T bar) indicate inhibition.
Autophagy is a highly-conserved pathway used by cells to eliminate waste products and dysfunctional organelles [50, 61] . It is a survival-promoting pathway that enables cells to overcome stressors such as nutrient deprivation, by degrading carbohydrates, proteins, and lipids to precursors that could be incorporated into energy-producing pathways [61] . With regards to cancer, autophagy has been shown to play roles in both oncogenesis and tumor suppression [50] . For example, autophagy deficiency has been connected to oxidative stress and genomic instability, known drivers of tumorigenesis [50] . On the other hand, the versatile metabolic precursors that autophagy activation produces can confer metabolic plasticity to cancer cells, which enables them to cope with stress imposed by the tumor microenvironment or therapy [61] .
Emerging data have shown that autophagy is activated by 1,25(OH) 2 D 3 and its analogues in different cell types [26, 62, 63] . This has been shown to be a route through which the molecule induces beneficial effects-for example, in the elimination of Mycobacterium tuberculosis through the induction of cathelicidin (an anti-microbial peptide) [64] , and, in spite of the pathway's controversial role in the disease, anti-tumor effects [62] .
Different studies have reported a number of mechanisms through which VDR activators induce autophagy in breast cancer cells [26, 65] . Høyer-Hansen et al. [26] demonstrated that the calcitriol analogue EB1089, among other Ca 2+ mobilizing agents, induces autophagy in MCF-7 cells through activating the CAMKK2-AMPK pathway. Additionally, Tavera-Mendoza et al. [65] recently showed that in luminal breast cancer cells, 1,25(OH) 2 D 3 induces an autophagic transcriptional signature that is found in normal mammary glands and lost during malignant transformation. The authors also demonstrated that the MAP1LC31B gene, which encodes the autophagic protein LC3B, harbors VDRE, and proposed that the autophagy associated with 1,25(OH) 2 D 3 treatment is not pro-survival, since the molecule exerts clear anti-proliferative effects on the investigated models, as well as induces an anti-tumor gene expression landscape [65] . Furthermore, they showed that autophagosome accumulation resulting from the co-treatment of breast cancer cells with 1,25(OH) 2 D 3 (an inducer of autophagosome formation) and chloroquine (an autophagosome acidification inhibitor) leads to the profound inhibition of proliferation in a manner more potent than that achieved by either molecule alone [65] . Similarly, we have recently shown that the combination of 1,25(OH) 2 D 3 and metformin synergistically induces autophagy, assessed by the LC3II:LC3I ratio, as well as inhibits the proliferation of human colorectal cancer cells harboring wild-type p53 [66] .
In view of these studies, it would be interesting to investigate whether the effects of VDR activators on autophagy are the result of the transcriptional regulation of autophagy genes, or secondary to the cellular metabolic events that occur upon treatment, or an interplay of both. Moreover, whether the effect of vitamin D compounds on autophagy induction is universal or dependent on genetic background and subject to the mutational landscape of the investigated tumor cells remains to be investigated in different cancer types. For example, in respect to p53, as detailed above, it has been shown that the p53 status influences the transcriptional activity of the VDR [35] , as well as autophagy induction by 1,25(OH) 2 D 3 [66] . Further investigations are required to elucidate the fate of cells that undergo autophagy in response to 1,25(OH) 2 D 3 in different tumors, and the possible combination of VDR activators with pharmacological modulators of autophagy to enhance the molecules' anti-cancer potential.
Concluding Remarks
Although profound progress has been made in understanding the complexity of vitamin D biology in transformed cells, the influence of calcitriol on the nutrient utilization of tumors is not clearly understood. 1,25(OH) 2 D 3 appears to engage in complex, and at times paradoxical metabolic programs in cancer cells, such as the activation of AMPK and autophagic signaling, as well as the induction of G6PD and thus possibly the enhancement of the PPP. There also remain several uncharted territories regarding our understanding of calcitriol's role in the regulation of cellular energy metabolism. For example, it is becoming increasingly clear that despite glutamine taking center stage in tumor cell specific amino acid metabolism, other essential and non-essential amino acids also play pivotal roles in sustaining cancer cell survival and proliferation [67] . Whether 1,25(OH) 2 D 3 influences the utilization of these amino acids in tumor cells is yet to be thoroughly explored. We should also note that the influence of vitamin D on energy utilization may not exclusively be the result of the molecule's effects on tumor cells, as some recent studies have shown that vitamin D may also induce tumor stroma reprogramming [68, 69] . Thus, by modifying microenvironment conditions that are known to drive oncogenic metabolism, such as hypoxia [28] , as well as by facilitating the entry of classical chemotherapeutics, such as gemcitabine and 5-Fluorouracil, also known to influence metabolism [7] , vitamin D treatment could further impact nutrient metabolizing pathways in cancer cells. Furthermore, additional studies are needed to clarify whether calcitriol's metabolism-modulating activities are primary effects or rather a secondary consequence of the calcitriol-mediated regulation of diverse tumor suppressors, oncogenes, and energy-/glucose-sensing signaling networks. Increasing our current understanding of how calcitriol and its analogues modulate these cancer hallmarks should enable the combination of these effects with established and newly designed chemotherapeutics, with the aim of achieving reciprocal synergy. 
